High-Resolution Functional Analysis of Arbuscular Mycorrhizal Symbiosis in Field Crops by KOBAE Yoshihiro
High-Resolution Functional Analysis of
Arbuscular Mycorrhizal Symbiosis in Field
Crops
著者 KOBAE Yoshihiro
journal or
publication title
Journal of Integrated Field Science
volume 15
page range 18-21
year 2018-10
URL http://hdl.handle.net/10097/00123997
18
Mosaic of AMF: heterogeneity of field 
mycorrhizas
Numerous AMF propagules (e.g., spores, hyphae, and 
root remnants) are usually present in soil. Accordingly, crops 
grown under field conditions almost always encounter diverse 
AMF species, and can simultaneously harbor some of them 
(Sanders et al. 1996; Kivlin et al. 2011). Strict host specificity, 
as observed between plants and their corresponding pathogenic 
fungi, has not been recognized for the colonization of AMF 
(Smith and Read 2008). Pot experiments inoculating plants 
with a single-AMF species often improves the nutrition and 
productivity of these plants under specific growth conditions 
(Tawaraya 2003; Smith and Read 2008). However, there are 
many cases in which nutrient uptake (e.g. phosphate) and 
biomass in inoculated plants does not increase compared 
with that of uninoculated plants (Smith and Read 2008). This 
is because of the drastically different level of mycorrhizal 
nutrient uptake among the AMF species (Munkvold et al. 
2004). Supporting this, the inoculation of Medicago sativa 
with more than 30 different AMF species revealed that 
phosphate uptake performance differs markedly among the 
AMF species (Mensah et al. 2015). Given the absence of host 
specificity, the overlap of individual AMF colonization with 
other AMF species in the roots has been detected in only a 
1-cm-long root fragment (van Tuinen et al. 1998). The ability 
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Abstract
Generally, most field crops are colonized with a diverse range of species of 
arbuscular mycorrhizal fungi (AMF). Studies using a model AMF have shown that 
AMF colonization can improve plant nutrition and productivity. However, multiple 
AMF species may co-colonize plant roots, and the functionality of mycorrhizas in 
field conditions may depend on the combination of colonizing AMF species and 
their corresponding traits. Unfortunately, the colonization dynamics (i.e., lifecycle) 
of different AMF, their genetic structure, and their individual role under differing 
field conditions have not yet been elucidated. Despite significant advances in high-
throughput sequencing techniques, accurate delimitation and identification of AMF 
species has been hampered owing to their hidden intraspecies or intraisolate genetic 
diversity. Similar to most of the microbes, most field AMF are considered to be 
unculturable, which indicates that most of these species contributing to mycorrhizal 
symbiosis have not yet been characterized. In order to reveal the potential and new 
functionality of field AMF and to utilize their biological value in agriculture, the 
species, genetics, and function of individual AMF should be clarified. Moreover, 
recent studies suggest that the colonization dynamics of AMF in roots relate to the 
functionality of the AMF at both the cellular and ecological level. However, there 
is inadequate data on this aspect of AM symbiosis in opaque soil. Live imaging of 
AM symbiosis has revealed the short yet highly dynamic aspect of the lifecycle of 
intracellular colonization, which is important for resource exchange between the two 
symbionts. In addition, we recently developed a novel, culture-independent technique 
that analyzes the nucleotide information in the roots of individual AMF species. In 
this article, I will focus on the future research direction of high-resolution functional 
analysis of AMF symbiosis with field crops.
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of mycorrhizal roots to uptake phosphate under fi eld conditions 
is assumed to be due to the combined abilities of multiple 
colonizing AMF species (Jansa  et al. 2008); alternatively, only 
some of the AMF colonizing roots may temporarily contribute 
to phosphate uptake in response to specific environmental 
conditions (Compant  et al. 2010). 
 Technical advances in high-throughput sequencing have 
enabled co-colonization characterization of genetically diverse 
AMF species in field crop roots (Öpik  et al. 2009). The 
taxonomic resolution of at least the small subunit of nuclear 
ribosomal RNA (rRNA) gene, used in the best reference 
database for AMF (Öpik and Davison 2016), is thought 
to produce similar results as morphological delimitation 
(Davison  et al. 2015). However, information regarding the 
AMF assemblage according to DNA-based approaches varies 
depending on the study (Öpik  et al. , 2013; Hart  et al. , 2015; 
Varela-Cervero  et al. , 2015). Remarkably, the longer-read-
length PacBio sequencing of the  Rhizophagus irregularis 
genome suggested the presence of intraisolate variation in the 
rRNA genes (Maeda  et al. 2017). It is still unclear whether this 
variation is commonly observed in AMF; however, this fi nding 
suggests the requirement to re-evaluate the resolving power 
of the commonly used DNA-based techniques for delimiting 
AMF species. Furthermore, most AMF in plant roots are 
thought to be unculturable or have not yet been cultured 
(Ohsowski  et al. 2014). As a result, reference nucleotide 
sequences of most of the AMF species that colonize field 
roots have not yet been elucidated. Accordingly, we may have 
overlooked endemic, cryptic AMF species in roots under fi eld 
conditions (Rosendahl 2008). 
 Despite the challenges in the taxonomic characterization 
of AMF occurring in fi eld roots, high-throughput sequencing 
techniques can provide a comprehensive list of the AMF 
species that colonize roots in general. However, to accurately 
assess the functionality of AMF colonization, an evaluation 
of not only the genetic sequences of AMF but also the 
colonization dynamics of AMF may be necessary (van der 
Heijden and Scheublin 2007). Live imaging of rice seedlings 
that express symbiotic fluorescent marker proteins has 
revealed that the lifespan of arbuscules is short and limited 
(Kobae and Hata 2010; Kobae and Fujiwara 2014). Arbuscules 
are highly branched hyphal structures that are formed in root 
cortical cells and are responsible for the exchange of nutrients 
between AMFs and host cells. The development of arbuscule 
branches is infl uenced by nutritional conditions (Kobae et al. 
2016). However, all arbuscules collapse within a few days 
after intracellular colonization, and roots are often colonized 
with intercellular hyphae without the formation of arbuscules 
(Smith and Read 2008). In addition, some AMF species tend 
to produce vesicles in roots (Graham et al. 1995). The vesicle 
protoplasm contains many nuclei, glycogen granules, small 
vacuoles, and lipid droplets (Bonfante-Fasolo 1984). Vesicles 
are thought to be the resting organs (Smith and Read 2008); 
therefore, vesicle-forming AMF should not be considered as 
AMF with an active role in mycorrhizas formation. Till date, 
the intracellular colonization cycle has rarely been taken 
into consideration when assessing the functionality of AMF; 
comparatively, the assessment has focused on the elucidation 
of genetic information of root-colonizing AMF species, 
which employ both the active state and the inactive state of 
colonization. 
 
 Improved analysis of symbiotic functional 
roles 
 
 Our current knowledge on mycorrhizal functionality 
has largely been obtained via laboratory studies conducted 
on culturable AMF isolates, and as only few AMF can be 
cultured, we have a limited understanding of how diverse 
AMF members cooperatively contribute to mycorrhizal 
functionality in field crops (Burleigh  et al. 2002; van der 
Heijden  et al. 2017). Some functionalities of mycorrhizal roots 
(e.g., phosphate uptake) can be determined using molecular 
markers or metabolic profiling of host–AMF interactions 
 Fig. 1 .     Model diagram of high-resolution analysis for individual AMF species in fi eld crops .  The nutritional benefi ts provided by mycorrhiza in fi eld 
crops are assumed to be a mosaic of the functions of diverse AMF species. An “infection unit” composed of an internal mycelium arising 
from a single entry point represents the individual AMF. The information from individual infection units can be integrated to identify the 
individual symbiotic role. 
Y. KOBAE20
(Sawers et al. 2017; Beaudet et al. 2017). However, it is 
important to understand which AMF species are responsible 
for the predicted functionalities.
To fully elucidate the functionalities of mycorrhiza-forming 
AMF in field crops, the mosaic population of these organisms 
must be taken into account, considering each individual species 
as a piece of the functionality puzzle. A need for exploring the 
cellular functions of AMF in situ and at the single-cell level has 
been pointed out by many studies (Limpens and Geurts 2014; 
Öpik and Davison 2016; Taylor et al. 2016; van der Heijden 
et al. 2017). In particular, genetic and functional analyses of 
individual AMF species in roots grown under field conditions 
can substantially contribute to understand the biology of AMF-
field crop symbiosis. Recently, a new technique for elucidating 
the rRNA gene information of metabolically active, single-
AMF colonization (infection unit) has been reported (Kobae 
et al. 2016). Combining this method with comparative omics 
using the latest single-cell-level micro-transcriptome analysis 
coupled with the reconstruction of specific AMF genomes will 
allow us to expand our basic knowledge of AMF genetics, 
mycorrhization processes, and functionality expression. In 
this approach, plants expressing fluorescent markers (e.g., 
phosphate transporter-GFP rice) (Kobae and Hata 2010) can be 
utilized to efficiently detect functional infection unit (Fig. 1). 
The combined investigation of macro (fields) and functional 
micro mycorrhizal samples determines the next logical step 
that helps deeper understanding of the function of crop 
mycorrhizas. This understanding of AMF colonization of field 
crops will enable more efficient utilization of mycorrhizas for 
crop production.
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